INTRODUCTION
Clonality is widespread in plants and commonly serves as a mechanism for survival in sub-optimal habitats (Song et al., 2002; Honnay and Bossuyt, 2005; Silvertown, 2008) . To avoid extinction, the response of species must keep pace with moving climates (Loarie et al., 2009 ) by adapting in situ or shifting to more favourable habitats (Hoffmann and Sgrò, 2011; Bellard et al., 2012) . Clonality is often higher in older populations and at increasing latitude, elevation and position at range edges (Yakimowski and Eckert, 2007; Silvertown, 2008) . In these more marginal habitats, clonal reproduction provides an alternative life cycle loop promoting persistence when a species cannot complete a normal sexual cycle (Eckert, 2002; Honnay and Bossuyt, 2005) . Ongoing fragmentation of natural environments can exacerbate the stresses imposed on species by climate change (Eckert et al., 2010; Hoffmann and Sgrò, 2011) and the speed of natural and anthropogenic environmental change will inevitably influence species viability (Stein et al., 2013) . Clonality can moderate genetic decline (Jongejans et al., 2008; de Witte and Stöcklin, 2010) but there is currently scant evidence that observed shifts in genetic variation will mitigate negative effects of climate change at the species level (Parmesan, 2006) . This has focused attention on the extinction risk of geographically restricted species and the role of clonality in their persistence (Thomas et al., 2004; Fordham et al., 2013) .
The loss of sex in clonal plants is thought to constrain both local adaptation and the evolution of geographical range (Eckert, 2002; Dorken et al., 2004) and will have a higher impact on species with limited dispersal capacity (Cunze et al., 2013) . Genet longevity provides greater opportunity for otherwise mostly neutral sterility mutations to accumulate when associated with enhanced vegetative growth (Eckert, 2002; Dorken et al., 2004) . Somatic mutation is increasingly recognized as a contributor to measurable genetic variation in long-lived species (Lian et al., 2004; Heinze and Fussi, 2008; Gross et al., 2012) and has been linked to both disrupted sexual fertility and improved fitness (Johnson et al., 2009; Gross et al., 2012; Padovan et al., 2013) .
Non-reproductive plants are often discounted as evolutionary dead ends of little ecological value because the lack of recombination prevents adaptation to changing conditions (Otto and Whitton, 2000) . However, exclusively clonal species or lineages are also known to have persisted for thousands of years, implying an ability to withstand environmental perturbation (see Table 1 in de Witte and Stöcklin, 2010) . A major ecological benefit of clonal species, even when fecundity is low, lies in their ability to enhance community and ecosystem resilience by buffering vegetation change (Thuiller et al., 2008; de Witte and Stöcklin, 2010) .
Most clonal plants also reproduce sexually and this reproductive resilience underlies the success of many, but not all, clonal species (Vallejo-Marín et al., 2010) . A higher than average incidence of clonality has been observed in rare and threatened species (Silvertown, 2008) and its co-occurrence with polyploidy has long been recognized, although the mechanisms underlying these associations are not clear (Otto and Whitton, 2000) . In natural populations, low fecundity in individuals can be caused by dysfunctional gametes (Bretagnolle and Thompson, 1993; Otto and Whitton, 2000) and is influenced by environmental variables (Ramsey and Schemske, 1998) . In contrast, the combination of clonal and sexual reproduction with associated polyploidy seen in some widespread species is thought to be a reproductively advantageous response to harsh environments prevalent, for example, in postglacial North America (Mock et al., 2012) and arid inland Australia (Kearney, 2003) . Gross et al. (2012) raise the likely significance of clonality in Australian ecosystems that have evolved under environmental and ecological extremes and flag a need to evaluate the importance of clonality in the Australian context. With an estimated 20 000 angiosperm species, the Australian flora is large, diverse and highly endemic. Species with historically disjunct populations and restricted ranges abound and clonality is implicated in the survival of a number of short-range endemics. The flora is also considered highly vulnerable to climate change (Preston and Jones, 2006) . A capacity for clonal growth has been linked to the persistence of species or populations with apparently dysfunctional breeding systems (see Sydes and Peakall, 1998; Bartolome et al., 2002; James and McDougall, 2007; Gross and Caddy, 2006, and references therein) . A shift to asexual reproduction has been influenced by fire frequency in some species (Millar et al., 2010; Gross et al., 2012) and has facilitated the persistence of relict species in marginal environments (Peakall et al., 2003) .
As the third largest angiosperm genus in Australia, Grevillea (Proteaceae) is a significant component of the flora (Makinson, 2000) . It is an old, widespread and sometimes dominant genus, but many of its 362 species (357 species endemic to Australia) occupy historically restricted ranges in areas under increasing pressure and fragmentation from recent human activities (Llorens, 2004) . Several studies have examined the population biology of restricted grevilleas, including some species known to reproduce clonally (Rossetto et al., 1995; Burne et al., 2003; Llorens et al., 2004; Caddy and Gross, 2006; Hoebee et al., 2008; Forrest et al., 2011) . The informal Grevillea aquifolium, or 'holly leaf', group is ideal for investigating clonality within the genus as it includes both sterile clonal species and obligate seed producers. Comprising an aggregate of 15 species (19 taxa) distributed in south-eastern mainland Australia, most taxa occur in small, geographically restricted populations (Makinson, 2000) . Recent genetic studies within the group include a molecular phylogeny (Holmes et al., 2014) , a clonal, sterile species (Kimpton et al., 2002) and two sexually reproducing species both found to be genetically diverse with little evidence of clonal reproduction (Holmes, 2009; Downing, 2012) .
The main objective of our study was to assess clonality and genotypic diversity in the rare, and putatively sterile, prostrate shrub Grevillea renwickiana (Nerriga grevillea). We were interested in testing our hypothesis that G. renwickiana, a member of the holly leaf grevilleas, will comprise few genetic individuals with a high probability of assignment to geographically explicit groups because (1) the species displays characteristics of clonality (e.g. suckering habit and no evidence of seed production) and (2) even if it were not exclusively clonal, seeds of Grevillea species within the Aspleniifolia/Hookeriana subgroup (to which G. renwickiana belongs) lack adaptations for primary dispersal (Makinson, 2000) . There is a risk that larger populations in national parks with more secure tenure will be given a higher conservation value than smaller populations on roadsides and private land on the basis of size rather than genetic composition. Consequently, we compared the geographical distribution of nuclear diversity and chloroplast DNA (maternal) variation to address questions of genotypic diversity, genet size, spatial distribution of nuclear and chloroplast genetic variation, and the relationship between population size (area) and the number of clonal lineages present.
MATERIALS AND METHODS
Study species and sample sites Grevillea renwickiana (Proteaceae) is a prostrate, rhizomatous, suckering shrub with sharply-pointed bifid or trifid lobed leaves to 3 . 5 cm long and 1 cm wide. Flowering is rare but has been observed in late spring/early summer (October-December). The majority of flower buds visible by early autumn (April) apparently abort before maturity and fruit has not been seen (Olde and Marriott, 1995) . Floral abnormalities include multi-pistillate flowers with two to five pistils instead of one and anthers with a high proportion of mis-shapen grains (McGillivray and Makinson, 1993) . Asexual reproduction occurs by the production of new stems (ramets) from rhizomes. Stems trail along (Fig. 1) (Makinson, 2000) . While G. renwickiana is considered historically rare, land clearing over the past century has probably contributed to its fragmented distribution as sites are often at the edge of cleared or otherwise modified habitats. The nine populations vary greatly in size, with four populations occupying an area of ,1 ha and the largest population occupying .30 ha. Plants grow in open woodland dominated by a range of eucalypts (e.g. Eucalyptus agglomerata, E. aggregata, E. dives, E. mannifera, E. pauciflora and E. sieberi), and shrubland dominated by Allocasuarina nana, Hakea spp. or Leptospermum spp. The total number of individuals is difficult to estimate due to the species' rhizomatous habit, but the number of stems is probably greater than the 3000 -5000 listed officially (Office of Environment and Heritage, NSW, 2013) .
Sample collection and DNA isolation
Samples were collected from each of the nine known populations. For the purpose of this study, with one exception, a population was defined as a group of plants separated from another group by 500 m or more. The exception was a patch of plants (COC) occurring in a very different habitat from the majority of plants in the main population, 350 m away. To assess clonal diversity, plants were sampled randomly within populations at all sites between December 2006 and February 2012 following the recommendations of Suzuki et al. (2005) . Each population was named after a local feature and geo-located to allow mapping of genotypes and for spatial analysis (Table 1) . For finer-scale sampling to assess clone size at populations COA, COB, WO and EN, a central plant was sampled followed by four samples taken north, south, east and west at 1, 5, 10 and 20-m intervals when present. At other populations the minimum distance between samples was 10 m. Young leaf tissue was placed directly into ziplock bags containing silica gel and desiccated. Approximately 20 mg of dried leaf material was ground to a powder using a small amount of fine sand in a mortar and pestle. Genomic DNA was isolated using a Qiagen Plant DNeasy Minikit (Qiagen, Valencia, USA) according to the manufacturer's protocol. DNA was eluted in 160 mL of supplied buffer and stored at -20 8C. The quality and concentration of all samples was checked by electrophoresis on 1 % agarose gels stained with ethidium bromide.
Sequencing of microsatellite alleles
When using microsatellites developed for non-target taxa, it is recommended that representative alleles from each locus are sequenced to confirm the presence of a microsatellite motif and that flanking regions are conserved and consistent with the locus (Grimaldi and Crouau-Roy, 1997) . Within the constraints of this study, alleles from loci developed from G. macleayana (Gm10, Gm13, Gm15 and Gm25) and (Gi7 and Gi9) were sequenced to ensure that the loci were homologous as these two species are phylogenetically more distant from G. renwickiana (Makinson, 2000; Holmes et al., 2014) and more likely to differ from the published sequences (Barbará et al., 2007) . Sequencing details are provided in Supplementary Data Methods S1.
Genotyping
Individuals were genotyped at ten microsatellite loci. Microsatellites were fluorescently labelled using a three-primer system that enables simultaneous amplification of several loci labelled with different fluorochromes by using a unique universal tail for each fluorochrome . Loci were amplified in two multiplex PCRs per sample in 10-mL reactions containing 5 mL Qiagen Type-It Kit, 0 . 1 mM forward primer (+5 ′ DNA tail), 0 . 2 mM reverse primer, 0 . 1 mM fluorescently labelled primer and 10-25 ng genomic DNA. Loci Gm10, Gm13, Gm15 and Gm25 (England et al., 1999) and Gi7 and Gi9 (Hoebee, 2011) were multiplexed in one PCR reaction. Loci AQ03, AQ11, AQ14 and AQ33 (James et al., 2012) were multiplexed in a second PCR reaction. Thermal cycling was performed in an Eppendorf Mastercycler gradient thermocycler with the following profile: 15 min at 95 8C, followed by 28 cycles of 95 8C for 30 s, 60 8C for 90 s and 72 8C for 30 s, with a final extension step of 30 min at 60 8C. PCR products were separated by capillary electrophoresis on an ABI 3730XL platform (Macrogen, Korea). Trace files were imported into Genemapper v. 3 . 7 (Applied Biosystems). Alleles were binned automatically and checked manually before exporting data for analysis. Depending on the fluorochrome tail, PCR fragments were 15-18 base pairs (bp) larger than the actual allele size, which was adjusted prior to data analysis.
Chloroplast DNA haplotype analysis
The chloroplast intergenic spacer (IGS) trnQ-rps16 was amplified from 43 individuals (23 . 2 % of samples), including at least one representative from each clonal lineage, identified with a threshold of two mismatched alleles and multiple representatives from clonal lineages identified with a threshold of four mismatched alleles (see below) with the exception of lineage 3, which contained only two samples with no differences. Chloroplast variation in holly leaf Grevillea species is low in commonly used chloroplast DNA regions but the trnQ-5 ′ rps16 IGS region, identified by Shaw et al. (2007) , has been used successfully for the identification of intraspecific lineages in the related holly leaf species G. aquifolium (Downing, 2012) and G. infecunda (E. James, unpubl. res.) using the primers trnQ (UUG) and rps16x1 (Shaw et al., 2007) . The IGS was amplified in 10-mL PCR reactions containing 2 . 5 mL of 10× PCR buffer plus additional MgCl 2 to a final concentration of 2 mM, 0 . 2 mM of each primer, 200 mM of each dNTP, 0 . 5 units of HotStarTaq w Polymerase (Qiagen), 0 . 4 mg mL 21 of bovine serum albumin (Fermentas, Life Sciences, Germany), 20-50 ng of template DNA and ultrapurified water to volume. Thermal cycling was performed on an Eppendorf Mastercycler with initial denaturation at 95 8C for 15 min followed by 30 cycles of 95 8C for 1 min and 50 8C for 1 min followed by a ramp of 0 . 5 8C s 21 to 64 . 5 8C, and 65 8C for 4 min, and final extension at 65 8C for 5 min. PCR products were visualized by agarose gel electrophoresis, stained with ethidium bromide and purified using QIAquick PCR purification columns (Qiagen) according to the manufacturer's specifications. Direct sequencing was accomplished by the dideoxy-chain termination method with the same forward and reverse PCR primers, using ABI Prism w BIG Dye TM Terminator Cycle Sequencing Ready Reaction Kits (Perkin-Elmer/Applied Biosystems, Foster City, CA, USA). Sequence reactions were separated and analysed on a 3730xl capillary separation sequencing platform at the Australian Genome Research Facility (AGRF).
Chromosome counts
During the screening of microsatellite loci, more than two alleles per locus were observed in most plants and in at least one locus. As extra alleles can be present in an individual for reasons such as locus duplication, somatic mutations or PCR artefacts (Crouse et al., 1999) , chromosome counts were made to test whether chromosomal changes were likely to be a source of extra alleles. Counts were made from root-tip squashes using plants propagated from stem cuttings collected from NE (MLG 31) and WO (MLG 33). Actively growing root tips were collected from potted plants grown on a bed of moist river sand over a heated bench. Root tips were prepared using a modification of the method of Murray and Young (2001) with pre-treatment for 24 h at 4 8C in a saturated 1,4-dichlorobenzene solution and a subsequent 24-h fixation step in 3 : 1 95 % ethanol:glacial acetic acid. Treated root tips were squashed in FLP orcein and viewed under oil immersion. Chromosome counts were made from cells across several root tips per plant.
Data analysis
Chloroplast DNA. Contiguous DNA sequences were edited using Sequencher Table 1. with GenBank (accession numbers HM130815-HM130911, KF573415-KF573416 and KF982859-KF982874). Chloroplast DNA sequences were assigned to chloroplast haplotypes and genealogical relationships were inferred from a chloroplast haplotype network generated with TCS version 1.21 (Clement et al., 2000) .
Microsatellites. Triploidy in G. renwickiana (see below) precluded exact genotyping of heterozygous individuals with two alleles because allele copy number could not be ascertained. Therefore, microsatellite markers were analysed as binary dominant data rather than as codominant data with incomplete genotypes. Microsatellite allele size genotypes were converted to a binary matrix using the POLYSAT package v. 1 . 2 . 1 (Clark and Jasieniuk, 2011) in R (R Development Core Team, 2008) . To minimize genotyping errors, we compared genotypes obtained for each individual from two separate PCRs and from duplicate DNA isolations from a subset of 24 (Bonin et al., 2004) . To reflect the reliability of genotypes used for analysis, the error rate, estimated at 0 . 011, was calculated as the number of samples with mismatched genotypes/total number of samples genotyped after removal of 12 individuals that amplified poorly (Pompanon et al., 2005) . The microsatellite patterns identified are referred to here as multilocus genotypes (MLGs), although they are more correctly 'allele phenotypes' (Clark and Jasieniuk, 2011) .
Clonal identification. Ramets sampled from the same genet are not always identical, so a clone can be considered as a multilocus lineage (MLL) comprising a number of slightly different MLGs (Meirmans and Van Tienderen, 2004; Dzialuk et al., 2007) . Therefore, we applied different degrees of stringency to test clonal identity. Samples that had not amplified at all loci were excluded from analysis to prevent their assignment to unique MLGs on the basis of missing data. Using a threshold approach implemented in the program GenoDive (Meirmans and Van Tienderen, 2004) , samples were assigned to the same MLG and considered to be clonemates if their microsatellite profiles were identical (threshold 0). Clones (MLLs) were then identified less stringently using a range of thresholds, based on a histogram of pairwise genetic distances, allowing some variation in MLGs assigned to the same MLL (Clark and Jasieniuk, 2011) . Genotypic richness (R) was measured as G -1/N -1, where G is the estimated number of genotypes and N is the number of samples. This estimate is biased by sample size and should be interpreted with caution. The percentage of polymorphic loci and number of private alleles per site were calculated using GenAlEx v. 6 . 5 (Peakall and Smouse, 2012) . The probability of observing the number of recurrent MLGs as a result of independent sexual events, P sex , was not calculated because of uncertainty in allele frequencies (Arnaud-Haond et al., 2007) . Partitioning of variation among and within sites was determined by analysis of molecular variance (AMOVA) using binary data (Lo et al., 2010) and performed in GenAlEx v. 6 . 5 using 999 permutations (Peakall and Smouse, 2012) .
Spatial analysis. Spatial autocorrelation was assessed for distances classes set at 100 m intervals up to 2 . 5 km using data combined from all populations in GenAlEx v. 6 . 5 (Peakall and Smouse, 2012) . Spatial structure was investigated further by spatial analysis of principal components (sPCA) (Jombart, 2008) in R v. 2 . 15 . 1 (R Development Core Team, 2008) . This method includes both genetic variation and spatial autocorrelation, in the form of Moran's I, in a multivariate analysis. sPCA was performed in adegenet v. 1 . 3-4 (Jombart, 2008) . Digital latitudes and longitudes were transformed to universal transverse Mercator (UTM) coordinates using the R package PBS mapping v. 2.62.34 (Boers et al., 2004) . The largest eigenvalues distinguished from the remainder were retained for analysis (Jombart, 2011; see Supplementary Data Fig. S1 ).
RESULTS

Chloroplast DNA analysis
A fragment of approximately 1150 bp was sequenced from 43 individuals representing the nine populations of G. renwickiana. Eight chloroplast haplotypes were identified (Table 2) . Haplotypes were separated by one or two single-nucleotide polymorphisms (SNPs) except for haplotypes G and H, which were differentiated by an insertion of 6 bp in haplotype H not present in any other haplotypes. The insertion is a duplication of the preceding 6 bp and most likely occurred as a single event. All haplotypes contained a 47-bp stem -loop structure sequence (bases 271 -318, 
Positions are based on alignments of GenBank Popset 305380306 (HM130815-HM130839) and accessions KF573415-573416 and KF982859-KF982874. Bold type indicates nucleotides that differ from common sequence. Table S1 for identification of samples assigned to MLG10. e.g. GenBank HM130816) consisting of a 21-bp inverted repeat separated by a 5-bp loop sequence that matched a stem -loop structure identified in other holly leaf grevilleas by Downing (2012) . Both inverted and complemented loop sequences were found in G. aquifolium, but in G. renwickiana the loop sequence, AAATA, was consistent across all chloroplast haplotypes. Haplotypes were not shared between populations, with the exception of NCP and NCK (haplotype G). Only NCP and COB had more than one haplotype. The haplotype network comprised one group with haplotype A as potentially the ancestral haplotype of G. renwickiana and haplotype H derived from Haplotype G (Fig. 2) . Details of samples used for haplotyping are given in Supplementary Data Table S1 .
Allele sequences
Sequencing confirmed that the PCR products obtained from G. renwickiana for loci Gm10, Gm13, Gm15 and Gm25 and for Gi7 and Gi9 were homologous to the relevant GenBank locus sequence data from G. macleayana and G. iaspicula, respectively. Sequence data from cloned alleles confirmed that the flanking regions were generally conserved, with few sequence differences. Within loci, alleles of equal size were not always homologous with respect to the number of motif repeats and some alleles of different size contained the same number of motif repeats. Variable sites in sequence alignments for cloned alleles are provided in Supplementary Data Table S2 .
Microsatellite analysis
Complete genotypes were obtained from 185 of the 197 G. renwickiana samples. Eighty-three alleles were observed across the ten loci, ranging from 2 to 16 per locus. Within populations, polymorphic loci ranged from 0 to 36 . 4 % and private alleles were present in all populations except COA and COC. Genotypic richness (R) ranged from 0 to 0 . 33 at a threshold of 0. As R is sensitive to sample size, the values for sites BTH, COC and NCK may overestimate genotypic richness and should be interpreted accordingly (Table 3) . Forty-six MLGs were identified with the threshold of 0. Of these, 28 (61 %) were found more than once and recurrent MLGs were generally nearest neighbours. No MLGs were found at multiple populations. Each of the four intensively sampled areas consisted of a single, unique clone.
MLGs were assigned to clonal lineages (MLLs) by selecting a genetic distance threshold based on the number of pairwise allelic mismatches between MLGs that could reasonably be attributed to somatic mutations or genotyping errors (ArnaudHaond et al., 2007) (Fig. 3 ). All MLGs with nine or fewer mismatches were located within the same population. The threshold chosen had a dramatic effect on the number of clonal lineages identified. Commonly, a threshold of 2 -4 % variation is used to differentiate MLGs (Gross et al., 2012; Gitzendanner et al., 2011) . For G. renwickiana this translates to a difference of three or four alleles. With the threshold set to 0, COA, COC and BTH were monoclonal. As the threshold was increased from 1 to 4 (4 . 8 %), the number of clones dropped from 28 and the number of recurrent MLGs to only eight, and populations were dominated increasingly by fewer large clones (Table 4) . At a threshold of 1, COA and BTH were reduced to the same unique clone and COC was merged with a clone from COB. At a threshold of 4, each population was reduced to a single clonal lineage except for COB, which contained two MLLs separated by a minimum of 20 mismatches. All clonal lineages had different haplotypes with the following exceptions: the two distinct MLLs at NCP and NCK (minimum of 17 allelic mismatches) shared haplotype G despite being separated by a deeply incised and perennial creek (Nettleton Creek); and at NCP the MLGs differing by only two alleles had different haplotypes (G and H) 2  2  2  3  2  1  3  3  2  1  B T H  2  2  2  3  2  1  3  3  2  1  C O B  6  3  2  5  3  3  2  5  5  2  C O C  3  2  2  2  3  2  1  1  2  1  E N  2  3  3  5  2  4  4  7  5  1  N C P  2  2  2  4  1  2  4  1  3  1  N C K  4  1  3  4  2  2  1  3  3  1  W O  4  3  2  2  3  4  3  4  5  1  N E  2  1  3  2  2  2  4  3  2  1  Alleles per individual  1-3  1-3  2-3  2 -3  1-2  1-3  1-3  1 -3  1 -3  1-2  Range  146-178  139-154  121-147  235-263  220-226  187-211  146-156  203-253  116-137  171-173  Total  13  6  7  11  4  6  6  17  11  2 on the effect of threshold on the assignment of samples and MLGs to clonal lineages are given in Supplementary Data Table S1 .
Spatial analysis
Spatial autocorrelation was significant up to 1 . 6 km ( Supplementary Data Fig. S2 ). In the sPCA, samples formed eight discrete clusters that were highly correlated with geographical location, although samples from the nearby populations NCP (black) and NCK (light blue) did not cluster together (Fig. 4) . COB (green) was the only site with two distinct clusters. Clusters corresponded to the eight MLLs identified with a threshold of 4. Haplotype sharing between COA and BTH (haplotype D) and between COC and COB (haplotype A) is consistent with the clustering of samples in the sPCA.
Chromosome counts
Two samples, one each from NE (MLG31) and WO (MLG33), were used for chromosome counts and both were found to be triploid (2n ¼ 3x ¼ 30) (Fig. 5) . Chromosome counts were not made for the remaining samples but their microsatellite profiles were consistent with triploidy.
DISCUSSION
Assessment of genetic structure using microsatellite profiles has confirmed that G. renwickiana is extensively clonal with few genets. Overall, the genotypic richness in G. renwickiana is low, even for a clonal species (Honnay and Jacquemyn, 2008) . The eight clonal lineages identified from microsatellite analysis were congruent and strongly correlated with the geographical distribution of the eight matrilineal chloroplast haplotypes. All clonal lineages had microsatellite profiles consistent with triploidy, providing a possible explanation for the lack of seed production and the first record of a strictly triploid species of Grevillea. Spatial genetic structure indicates that individuals at different sites have arisen independently but now are maintained asexually. The current distribution of large, geographically restricted clonal lineages points to a fragmented species with long-lived genets, fitting the proposal by Kruckeberg and Rabinowitz (1985) that endemic species with more than one disjunct population are likely to be relictual. Our study provides further evidence of the role of clonality for species persistence even when evolutionary stagnation is the likely long-term outcome of compromised fertility. We found no evidence of contemporary sexual reproduction in G. renwickiana. In most exclusively clonal populations, sexual failure is attributed to environmental factors (Vallejo-Marín et al., 2010) but failure of sexual reproduction in G. renwickiana is likely to be due primarily to the genetic consequences of triploidy, in which dysfunctional gametes result from meiotic irregularities (Otto and Whitton, 2000; Parisod et al., 2010) . Reduced fecundity and increased reliance on asexual reproduction have been associated with triploidy in other woody plants, such as Populus tremuloides (Mock et al., 2012) , Crataegus species (Lo et al., 2009 ) and the proteaceous species Lomatia tasmanica (Lynch et al., 1998) as well as herbaceous species (Ramsey et al., 2011) . In the diploid holly leaf species Grevillea repens, rare, naturally occurring triploids with a propensity for clonal growth also displayed reduced fecundity . In contrast, in populations of another threatened grevillea, Grevillea rhizomatosa, plants were diploid irrespective of fertility level or clonality . Triploidy in wild populations generally results from fertilization with unreduced gametes, most commonly pollen (Bretagnolle and Thompson, 1993 and references therein) . The production of non-reduced gametes is heritable and increases with environmental stressors, including temperature, drought and disease (Bretagnolle and Thompson, 1993; Parisod et al., 2010) . Under a shift from sexual to clonal reproduction, triploids in G. renwickiana may have become dominant if they were fitter under prevailing conditions, as proposed for P. tremuloides (Mock et al., 2012) . Mock et al. (2008) predicted that extant clones representing ancient genets some thousands of years old should be spatially expansive but will have undergone fragmentation. The findings of the present study demonstrate a general lack of integration between clonal lineages, with the implication that their occasional disjunction (e.g. COA and BTH, COB and COC, within WO) represents the fragmentation of old clones. Individual G. renwickiana clones can be extensive, the largest at EN being estimated as occupying .30 ha, approximating the size of the largest trembling aspen clone, 'Pando', at 44 . 2 ha . Honnay and Bossuyt (2005) argue that when clonal growth is prolonged and extensive through environmental suppression of sexual reproduction, local sexual extinction and gradual loss of genotypes can lead to monoclonal patches, consistent with results for G. renwickiana and other Australian species (e.g. Coates, 1988; Sydes and Peakall, 1998; Warburton et al., 2000; Bartolome et al., 2002; Coates et al., 2002) .
Successful seed production may also be compromised by the accumulation of mutations facilitated by genet longevity (Ramsey et al., 2011; Gross et al., 2012; Mock et al., 2012) . Somatic mutations were more prevalent in sterile populations of G. rhizomatosa (Gross et al., 2012) and are likely to have contributed to variation among MLGs within a MLL of G. renwickiana. The pattern of fragmentation seen in G. renwickiana, the presence of large sites containing one or two MLLs but numerous MLGs linked by small mutational steps and more MLGs, but not necessarily a greater number of clonal lineages in larger compared with smaller populations, fits with the notion that somatic mutations provide a source of intraclonal variation that increases with clone age and may be a response to changing environment (Ally et al., 2008; Gross et al., 2012) . In G. rhizomatosa, different fire frequencies across populations are thought to have promoted clonal reproduction, leading to a mixture of exclusively clonal and obligate outcrossing populations (Gross et al., 2012) . Similarly, Millar et al. (2010) propose that while clonality developed in Banksia ionthocarpa subsp. chrysophoenix in association with its more marginal environment, it was enhanced by response to recurrent fires. While we are unable to unravel genetic from environmental factors, our findings for G. renwickiana are consistent with other studies of clonal plants suggesting that, over time, populations with reduced fecundity become dominated by one or a few clones (e.g. Sydes and Peakall, 1998; Dorken and Eckert, 2001; Bartolome et al., 2002; Coates et al., 2002; Dorken et al., 2004) and accumulate genetic variation through mutation as they age.
Comparison of somatic mutations within clones has been proposed as a potential method to define ramets and improve our understanding of clonal dynamics, but requires further evaluation with clones of known age in different species and populations (Heinze and Fussi, 2008) because older but slower-growing clones may have levels of accumulated mutations similar to those of younger, faster-growing clones if the mutation rate is proportional to the number of mitotic divisions (Klekowski, 2003; Ally et al., 2008 Ally et al., , 2010 . Accumulated somatic mutations will be biased towards rapidly evolving neutral loci (Loxdale and Lushai, 2003) , with evidence of hypermutability in individual loci found in Robinia pseudoacacia (Lian et al., 2004) . Also, the same threshold for allelic mismatches is not necessarily appropriate for all populations of a species (Gitzendanner et al., 2011) . Polyploids tend to accumulate allele variants more quickly than diploids, so the presence of three rather than two allele slots per locus may have elevated the rate at which mutations accumulate in G. renwickiana (Otto, 2007) . Schnittler and Eusemann (2010) suggest that increasing the threshold for clonal identity can overcome the problem of overestimation of clonal richness when using highly polymorphic loci such as microsatellites, supporting our use of a threshold of 4 for G. renwickiana.
Minimal disruption to sexual processes is recognized as a desirable outcome for effective conservation (Honnay and Bossuyt, 2005; Gross et al., 2012) but becomes a minor factor for predominantly clonal plants. While intraclonal variation has been identified across a number of plant groups, it is unlikely to provide an alternative to sexual recombination for the provision of novel genotypes or to enhance adaptability in obligately clonal species (Honnay and Jacquemyn, 2010) . The combined effects of sterility induced by triploidy and somatic mutation may already have set G. renwickiana on a terminal trajectory, but its demise may not be imminent if clonal reproduction provides sufficient levels of reproduction for local landscape persistence. However, in the absence of sexual reproduction, unassisted movement of G. renwickiana is limited by the rate of lateral suckering, implying an inability to colonize disjunct sites. Therefore, the species is without a mechanism for range expansion and if it is unable to adapt to a changing environment it becomes a candidate for genetic translocation to more favourable sites (Weeks et al., 2011) .
Conclusions
Extant populations of G. renwickiana represent a further example of species in which sexual reproduction no longer contributes to population dynamics, leaving limited opportunity for adaptation or migration in response to changing climatic conditions. Sterile or partially sterile clonal species are a conspicuous and locally significant component of many vegetation communities and their conservation value should not be discounted for lack of seed production. Increasing aridity and temperature change are common themes in the distribution of plant species globally and will continue to impact on the distribution of Grevillea. Our work contributes to the developing body of knowledge on the prevalence of clonality in the Australian flora and demonstrates that different mechanisms may be driving sterility and clonality even in closely related species. The potential contribution of somatic mutation to the genetic diversity of long-lived clonal organisms has been highlighted by several authors, and the increasing list of Australian species in which clonality is a significant contributor to species persistence provides compelling evidence for its role in the development of the Australian flora. We stress that conservation must encompass clonal species that no longer reproduce sexually because they have a role to play in mitigating ecological instability as floras respond to rapidly changing environments.
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